Anthracyclines used in the treatment of acute myelogenous leukemia (AML) inhibit the activity of the mammalian topoisomerase ii (topo ii) isoforms, topo ii α and topo iiβ. In 230 patients with non-M3 AML who received frontline ara-C/daunorubicin we determined expression of topo IIα and topo iiβ by RT-pcR and its relationship to immunophenotype (ip) and outcomes. treatment outcomes were analyzed by logistic or Cox regression. In 211 patients, available for analysis, topo IIα expression was significantly lower than topo iiβ (p < 0.0001). In contrast to topo IIα, topo iiβ was significantly associated with blast percentage in marrow or blood (p = 0.0001), CD7 (P = 0.01), CD14 (P < 0.0001) and CD54 (P < 0.0001). Event free survival was worse for CD56-negative compared to CD56-high (HR = 1.9, 95% CI [1.0-3.5], p = 0.04), and overall survival was worse for CD-15 low as compared to CD15-high (HR = 2.2, 95% CI  [1.1-4.2] , p = 0.02). Ingenuity pathway analysis indicated topo IIβ and immunophenotype markers in a network associated with cell-to-cell signaling, hematological system development/function and inflammatory response. Topo IIβ expression reflects disease biology of highly proliferative disease and distinct IP but does not appear to be an independent variable influencing outcome in adult AML patients treated with anthracycline-based therapy.
Standard induction therapy for acute myeloid leukemia (AML) consists of a combination of cytarabine (ara-C) and an anthracycline, such as daunorubicin or idarubicin 1, 2 . While ara-C is a pyrimidine analogue that prematurely terminates DNA polymerization, the anthracyclines are inhibitors of topoisomerase II [3] [4] [5] [6] . DNA topoisomerases relieve the topological constraints associated with the double-helical structure of DNA during vital DNA metabolic processes, including DNA replication, transcription, chromosome segregation and recombination 7 . Mammalian topoisomerase II (topo II) consists of two isoforms, topo IIα (M r 170 kDa) and topo IIβ (M r 180 kDa). Although the α and β topo II isoforms are highly homologous and catalyze similar biochemical reactions, they are genetically distinct and exhibit different patterns of expression and cellular distribution 7 . While expression of topo IIα is cell cycle-dependent 7 topo IIβ levels remain unchanged during cell cycle progression [7] [8] [9] and are maximal in terminally differentiated tissues 8, 10, 11 . This difference in expression suggests that these two isoforms exert distinct functional roles in cellular processes that require topological changes in the DNA molecule. It has been suggested that topo IIα may be important for DNA replication, whereas topo IIβ may be involved in cellular differentiation 8 . Using stable expression of shRNA targeted to topo IIα or topo IIβ, in cell culture models of human AML, we have been able to demonstrate a functional role for topo IIβ in apoptosis following all-trans-retinoic acid induced differentiation 12 . Further, our studies have demonstrated that clinically active drugs target different isoforms of topo II to exert their anti-tumor activity and that topo IIα and topo IIβ cooperate to maintain genome stability, which may be modulated by their C-terminal domain 13 .
Although topo II is a putative target of daunorubicin that is a key component of the induction treatment regimen for AML for over 3 decades, the significance of topo II α and β isoform expression and its association with other biomarkers related to outcome has not been satisfactorily addressed. Analysis of topo IIα expression have suggested correlations between gene amplification of topo IIα and response to anthracycline chemotherapy in breast cancer 14 . Some reports indicate no significant predictive value of topo IIα expression levels, while others suggest that topo IIα expression can predict treatment failure [15] [16] [17] [18] [19] . In contrast to the focus on topo IIα in AML the expression of topo IIβ that is targeted by daunorubicin and idarubicin has not been satisfactorily addressed. Topo IIβ expression has been proposed to have a role in resistance to drugs that target this isoform 20, 21 and in resistance to all-trans retinoic acid (ATRA) induced differentiation in M3 AML 22 . Interestingly, mitoxantrone that targets topo IIβ and other topo II inhibitors have been suggested to be involved in therapy related leukemia 23 . In the present study, we examined the expression of the topo II isoforms and possible relationships of topo IIα and topo IIβ expression to immunophenotype (IP) and outcomes in de novo and secondary adult AML blast samples from 230 patients enrolled in 4 SWOG studies who received ara-C/daunorubicin-based frontline chemotherapy.
Results correlation of topo iiα and topo iiβ expression with clinical characteristics and immunophenotype markers.
Of the 230 treatment-naïve specimens available, topo II expression data from 211 patients was available for analysis. Patient and clinical characteristics for the 211 patients are summarized in Table 1 . Expression (ΔCt) of the topo II isoforms was positively correlated ( Fig. 1 ) and topo IIβ expression was on average 2.2-fold higher than topo IIα expression (CI 1.8-2.6, p < 0.001).
Association of topo IIα or β expression with clinical characteristics is outlined in Table 2 . Topo IIα expression was not found to be significantly associated with any patient or disease characteristic in univariate analyses. In contrast, topo IIβ expression was inversely associated with age (p = 0.001) and positively associated with both marrow and peripheral blast percentage (p < 0.001). Topo IIβ expression also varied significantly among FAB classes, being highest for M0 and lowest for M4 and M7 (p = 0.0012). Since immunophenotype is associated with outcome, analysis of the correlation of topo IIα or β expression with IP markers was carried out and is outlined in Table 3 . Topo IIα expression was not correlated with any of the immunophenotypic markers measured. In contrast, topo IIβ expression was associated with expression of CD4 (p = 0.0025), CD7 (p = 0.01), CD11a (p < 0.0001), CD11b (p < 0.0001), CD11c (p = 0.007), CDw14 (p < 0.0001), CD15 (p = 0.045), CD16 (p = 0.009), CD34 (p = 0.03), CD54 (p < 0.0001) and HLA-DR (p < 0.0003). In multivariate analysis of 137 patients with complete data, topo IIβ expression was positively associated with age, as well as blood and marrow blast percentage (p < 0.001). Additional regression analysis of IP with outcome measures revealed event free survival was worse for CD56-ve compared to CD56-high (HR = 1.9, 95% CI [1.0-3.5], p = 0.04), and overall survival was worse for CD15-low as compared to CD15-high (HR = 2.2, 95% CI [1.1-4.2], p = 0.02). Neither topo IIα expression nor topo IIβ expression was significantly associated with clinical outcomes (CR, RD, RFS and OS) in uni-or multivariate analysis.
Data from analysis of P-glycoprotein expression and function, representing possible determinants of resistance was available and correlation with topo II isoform expression was assessed. Topo IIβ expression was weakly correlated with P-glycoprotein expression detected with the MM4.17 antibody (p = 0.07) and P-glycoprotein function based on rhodamine efflux (p = 0.04). Both parameters were inversely related to topo IIβ expression but not correlated with topo IIα expression. However, in univariate analysis neither P-glycoprotein expression or function was associated with OS, RFS or EFS. pathway analysis of immunophenotype markers with topo iiα and topo iiβ. Ingenuity pathway analysis of drug pharmacodynamic targets, immunophenotype markers and topo II are outlined in Figs. 2 and 3. In Fig. 2 , among 6 networks the major network with a score of 34 and 15 focus molecules identified the direct interaction of topo IIα/topo IIβ and cell-to-cell signaling, hematological system development/function and immune cell trafficking as the top diseases and functions. In Fig. 3 , with a focus on topo IIβ and the significantly associated immunophenotype markers, among 3 networks the major network generated a score of 25 with 9 focus molecules and an association with cell-to-cell signaling/interaction, hematological system development/function and inflammatory response among the top diseases and functions. Overall, both networks identified similar functional events and disease states based on the interaction between significantly associated immunophenotype markers and topo II.
Discussion
This is the first study examining the expression levels of both topo IIα and IIβ in a large cohort of de novo and secondary AML patients and evaluating associations between topo II isoform expression, clinical outcome, immunophenotype and other patient characteristics. Inhibitors of topo II, such as the anthracyclines, are the cornerstones of AML treatment and presumed primarily to target topo IIα. Despite the importance of the anthracyclines at inducing complete remission, it is unknown if the expression levels of topo IIα can predict clinical outcome. Present results do demonstrate a significant inter-individual variability in topo IIα mRNA levels and failed to show any significant association between topo IIα expression and any disease characteristic in de novo and secondary AML patients. It has been shown that exposure of AML blast cells to the anthracyline daunorubicin promotes expansion of topo IIα negative cells 19 . This ex-vivo observation, on daunorubicin-treatment dependent selection of topo IIα negative cells was however, not linked to clinical outcome. Despite active investigation into the clinical significance of topo IIα, little is known about the importance of topo IIβ in AML. Gieseler et al. 24 reported that blast cells from patients with elevated activity of topo IIβ expressed reduced sensitivity in vitro to daunorubicin or idarubicin and relapse from treatment with anthracyclines may be linked to a significantly lower topo IIα/β ratio. Our studies in HL-60 cells with targeted stable down-regulation of topo IIα or β isoform or in models engineered to express either topo IIα or topo IIβ, indicate that while sensitivity to doxorubicin is unaltered, a 2-to 4-fold reduction in etoposide sensitivity is observed following down-regulation of the α isoform, and a marked decrease in sensitivity to amsacrine, idarubicin and mitoxantrone is seen in cells depleted of the β isoform 12, 13 . However,
Characteristics
Median Range www.nature.com/scientificreports www.nature.com/scientificreports/ topo IIβ was significantly associated with several factors that have been associated with favorable outcomes in AML, such as younger age, low CD4, CD14, CD16, CD54, CD11b, and HLA-DR, as well as with unfavorable factors, high peripheral and marrow blast percentage and increased CD7 expression. While reports on relationship or precise role of immunophenotype and prognosis in AML is controversial [25] [26] [27] [28] [29] , the association with topo IIβ but not topo IIα expression and proposed network of topo IIβ with immunophenotype markers suggests a potential role for topo IIβ expression and immunophenotype in the biology of AML. Song et al. 30 reported high topo IIβ/topo IIα expression to be correlative with favorable outcome but this observation could not be compared with the present results since induction therapy utilized the anthracycline idarubicin and most patients also received hematopoietic stem cell transplantation. Recent reports 31,32 on use of idarubicin in adult AML indicate: (a) that an increased cumulative dose of idarubicin during consolidation can improve leukemia-free survival; and (b) comparing idarubicin to high dose daunorubicin during induction did not indicate significant differences in CR rate, relapse and survival. Heterogeneity in development of resistant cells as well as differential expression in key pathways has been suggested to involved in refractory AML 33, 34 . Analysis of topo II α and β expression coupled with immunophenotype in AML cells from patients with disease that is resistant to anthracycline/cytarabine therapy might provide insights on biomarkers relevant to outcome. In summary, topo IIβ expression reflects aspects of disease biology, such as highly proliferative disease (higher blasts) and immunophenotypic differences but does not appear to be an independent variable influencing outcome in adult AML patients treated with anthracycline-based therapy.
Materials and Methods
patients and specimens. Bone marrow (BM) specimens were provided by the SWOG AML/MDS Repository for 230 adult patients with non-M3 AML by FAB criteria who were enrolled during 1992-1998 for ara-C/daunorubicin-based frontline chemotherapy on any of four SWOG studies S9031, S9126, S9333 and S9500. Specimens of cryopreserved BM cells and expected to contain >70% blasts, were used when available, otherwise RNA extracted from specimens upon receipt at the repository were used. All patients provided written informed consent in accordance with institutional and federal guidelines. The protocol was approved by the Cleveland Clinic IRB CC 937: S9031-S9126-S9333-S9500-B Topoisomerase 2 Expression and Acute Myeloid Leukemia (AML).
The study was performed in accordance with the Declaration of Helsinki.
RnA extraction. RNA extraction was performed on the entire BM specimen using the Trizol reagent (Invitrogen USA) per the manufacturer's instructions. The RNA pellets were re-suspended in 50 μL RNase-free water and stored at −80 °C.
qRT-PCR. RNA (1500 ng) was reverse transcribed to cDNA and used for quantitative PCR reaction, which was carried out in triplicate at the Case Comprehensive Cancer Center, Gene Expression Core Facility using an ABI PRISM 7900HT (Martina Veigl, Director). The primers used for the PCR reaction were: topo IIα (forward: 5′-TGTCTCTCAAAAGCCTGATC-3′, reverse: 5′-GTCCATATGGAAGTCATCAC-3′), topo IIβ (forward: 5′-TAAAGGCCGAGGGGCAAAGA-3′, reverse: 5′-GCAGAGAAGGTGGCTCAGTA-3′) specific primers and β 2 -microglobulin (B2MG) (forward: 5′-CTTGTCTTTCAGCAAGGACTGG-3′ and reverse: 5′-CATGATGCTGCTTACATGTCTC-3′primers). B2MG was used as an endogenous control to normalize topo IIα and topo IIβ expression.
immunophenotypic and cytogenetic analysis. Immunophenotyping was performed at the SWOG AML/MDS Repository at the University of New Mexico (Cheryl Willman, Director). Blast cells were assessed for expression, of the following IP markers: CD2, CD4, CD7, CD8, CD11a, CD11b, CD11c, CD13, CDW14, CD15, CD16, CD18, CD19, CD33, CD34, CD38, CD44, CD54, CD56 and HLA-DR. Expression of these markers in www.nature.com/scientificreports www.nature.com/scientificreports/ the total population was characterized as negative, high, low, low/high or low/negative. Four other markers were assayed but excluded from this analysis: CD3, CD8 were negative for all patients; CD38 and CD45 were highly expressed in all but 2 patients. Cytogenetic studies of pretreatment marrow or peripheral blood were performed at SWOG-approved laboratories and centrally reviewed by the SWOG Cytogenetics Committee.
Statistical and pathway analysis. The ΔCt for topo IIα or IIβ RNA was calculated by subtracting the average cycle threshold (Ct) for each topo II isoform from the average β 2 -microglobulin (Ct). Average topo II www.nature.com/scientificreports www.nature.com/scientificreports/ expression of 40 was considered right-censored. Topo IIα expression was censored on four observations and topo IIβ expression on three observations. Clinical data (age, sex, race/ethnicity, secondary versus de novo AML onset, FAB classification, cytogenetics, marrow and peripheral blood blast percentages, WBC and PLT counts, and hemoglobin) and treatment outcomes were collected and evaluated per standard SWOG procedures as part of the clinical trials on which the patients participated. Complete response (CR) and resistant disease (RD) were defined by standard criteria 35 . Overall survival (OS) was measured from date of study entry until death from any cause, with observation censored at the date of last contact for patients last known to be alive. Relapse-free survival (RFS) was measured from the date of achieving CR until relapse or death from any cause, with observation censored at the date of last contact for patients last known to be alive without report of AML relapse. Linear regression models were used to examine the effects of patient characteristics and immunophenotype on expression. The effects of expression and other patient characteristics on treatment outcomes were investigated using logistic (CR, RD) and proportional hazards (OS, RFS) regression analyses.
Multivariate analyses for the outcomes of OS, RFS, RD, and CR accounted for clinical and immunophenotype characteristics. Additional factors were excluded as needed to fit each model: expression of CD2, CD19, CD56, and HLA-DR on CR; expression of CD2, CD19, CD54, CD56, and HLA-DR on RD; expression of CD54 on OS; and expression of CD2, CD4, CD11a, CD16, CD19, C33, CD44, CD54, CD56, and HLA-DR on RFS.
Ingenuity pathway analysis (Qiagen Inc.) of target molecules identified for significant association with topo II α/β isoform expression was carried out using version 46901286 (11-21-2018) . Ingenuity pathway analysis was carried out using: (a) drug pharmacodynamic targets, associated immunophenotype markers and topo II α/β; and (b) topo IIβ and significantly associated immunophenotype markers.
